We review the dynamic patterns of cell behaviours in the marginal zone of amphibians with a focus on how the progressive nature and the geometry of these behaviours drive blastopore closure. Mediolateral cell intercalation behaviour and epithelial-mesenchymal transition are used in different combinations in several species of amphibian to generate a conserved pattern of circumblastoporal hoop stresses. Although these cell behaviours are quite different and involve different germ layers and tissue organization, they are expressed in similar patterns. They are expressed progressively along presumptive lateral-medial and anterior-posterior axes of the body plan in highly ordered geometries of functional significance in the context of the biomechanics of blastopore closure, thereby accounting for the production of similar patterns of circumblastoporal forces. It is not the nature of the cell behaviour alone, but the context, the biomechanical connectivity and spatial and temporal pattern of its expression that determine specificity of morphogenic output during gastrulation and blastopore closure. Understanding the patterning of these dynamic features of cell behaviour is important and will require analysis of signalling at much greater spatial and temporal resolution than that has been typical in the analysis of patterning tissue differentiation.
INTRODUCTION
Patterning is often thought of as the process of specifying a region of the embryo to differentiate into a particular cell or tissue type, but in the context of morphogenesis, patterning is the specification of a dynamic, spatio-temporal pattern of cell behaviours and tissue properties that generate and transmit the forces driving morphogenic (shape generating) processes. Spemann (1938) distinguished between patterning of morphogenesis, which he referred to as 'dynamic determination' of regionally autonomous 'formative tendencies', and patterning of tissue types, which he referred to as 'material determination', and he discussed at length how the two might be related. Here we will discuss the aspects of patterning the morphogenic cell behaviours that close the blastopore during gastrulation of amphibians. Some of these formative movements were already described at the tissue level in Spemann's day, but what we have learned about the cell behaviours underlying these regional movements since then may offer new insights into how genes encode the forces that shape the embryo.
The major points are the following. First, the cell behaviours driving blastopore closure are expressed in a progressive pattern of high spatio-temporal resolution. Second, the progressive aspect of their expression is important for the morphogenic function of these cell behaviours. Third, these cell behaviours have boundaries of expression and axial properties that impart function in the context of the geometry and biomechanics of a particular gastrulation strategy. Fourth, different cellular mechanisms of force generation are used in the same presumptive tissues, and in similar spatial patterns, even in fairly closely related species. Fifth, the specific combination of cellular mechanisms used to generate force varies in different species, but the pattern of forces is conserved within eggs of the particular architecture examined here. Finally, the question of how these very precise spatial and temporal progressions are regulated, and how their regulation is linked to the much better understood regulation of patterning tissue types is an important one and will require analysis of signalling events with high spatio-temporal resolution in living tissues.
SUMMARY OF THE FUNCTION OF CONVERGENT EXTENSION AND CONVERGENT THICKENING IN Xenopus GASTRULATION
One of the regional, 'formative tendencies' observed by Walter Vogt and Hans Spemann was the 'constriction' and 'stretching' of the marginal zone, the collar of involuting tissue that surrounds the blastopore and turns inside during amphibian gastrulation (Vogt 1929; Spemann 1938) . Here the marginal zone will be referred to as the involuting marginal zone (IMZ). Collectively, these movements of convergence (narrowing or constriction) and extension (lengthening or stretching) of the IMZ are thought to squeeze the blastopore shut and elongate the anterior-posterior body axis (Vogt 1929; Keller et al. 1992a ). In the early amphibian embryos, tissue volume is conserved, and convergence produces predominantly extension, in which case it is often called 'convergent extension', or produces predominantly thickening, in which case it is called 'convergent thickening' (Keller & Danilchik 1988; . In Xenopus, the African clawed frog, convergent extension is driven by active mediolateral intercalation of cells in the presumptive notochordal and somitic mesoderm, which generates hoop stress, an arc of tension, around the inside of the blastoporal lip, thus aiding involution of the IMZ and the squeezing of the blastopore shut, while simultaneously elongating the body axis (figure 1a). The active wedging of cells between one another along one axis (the presumptive mediolateral axis of the tissue and the embryo) results in a very efficient elongation of the tissue in the transverse direction (the presumptive anterior-posterior axis; Keller et al. 2000; Keller 2002; figure 1b) . This process of intercalation is driven by a complex of cell behaviours called mediolateral intercalation behaviour (MIB), which consists of expression of mediolaterally polarized protrusive activity, and presumably traction of cells on one another ), or on tethers of extracellular matrix lying across the cells (Davidson et al. 2004b) . This traction generates tension in the mediolateral axis of the tissue, which first elongates the cells parallel to the mediolateral axis, making them fusiform in shape, and then pulls them between one another to form a narrower, longer array (figure 1b,c). The expression of convergent extension in the presumptive notochordal and somitic mesoderm (see fusiform shapes, dark and light grey areas in figure 1a ) on the dorsal side of the gastrula is complemented by the expression of convergent thickening on the ventral side (rectangles, medium grey in figure 1a ). In convergent thickening, convergence appears to generate a thicker tissue rather than a longer one, but the cellular basis is not known (Keller & Danilchik 1988) . Because convergence on the dorsolateral aspect of the gastrula produces much extension, whereas convergence on the ventral aspect produces little extension and more thickening, the blastopore closes asymmetrically towards the ventral side (arrows, figure 1a,d ). Convergent thickening is expressed in the ventral IMZ by a tissue that ultimately forms both dorsal (somitic) and ventral mesoderms. The cells in the early involuting, vegetal edge of the ventral IMZ crawl out of the IMZ and migrate across the inner blastocoel roof, and thus escape dorsalizing signals that arrive later in this region, whereas the tissue in the animal, late involuting IMZ of this region converges and thickens to form the thick ring of presumptive mesoderm around the ventral side of the blastopore, which is later swept into the posterior somitic mesoderm Wilson et al. 1989;  figure 1d ).
THE SPATIAL AND TEMPORAL PATTERN OF EXPRESSION OF MIB IS AN IMPORTANT ASPECT OF ITS FUNCTION IN GASTRULATION
The axial orientation of MIB with respect to the embryonic architecture, and the progressive nature of its expression are critical aspects of its function. The expression of MIB, the resulting cell intercalation and the convergence that results from intercalation can all be represented as occurring along a series of arcs, arcing across the dorsal blastoporal lip with the presumptive lateral ends next to the vegetal endoderm (curved lines, thick in the notochordal mesoderm, thinner in the somitic mesoderm). MIB occurs progressively, beginning in the presumptive anterior somitic and notochordal mesoderm, and progressing posteriorly in each tissue (from a to p in figure 1d ), on the inside of the blastoporal lip (figure 1d ). In addition to its anterior-to-posterior progression, MIB progresses from the presumptive lateral-to-medial aspect of each tissue (l to m in figure 1d ) . Therefore, the progress of MIB generates a posteriorly travelling hoop stress lying just inside the blastoporal lip, which tends to roll the IMZ over the lip, and also squeezes the blastopore shut. This means that front of MIB normally does not pass beyond the blastoporal lip. However, because this is difficult to illustrate, MIB is shown somewhat outside the lip (see fusiform cells in figure 1a ). Also, MIB and the resulting convergence occur in a continuous progression, but their function in driving involution, blastopore closure and body plan elongation is easier to illustrate if convergence is visualized as the shortening of a series of discrete hoops that are pulled over the vegetal endoderm during their shortening (figure 1d ). A key element in this process is the anchorage of the ends of the arcs at the edge of the vegetal endoderm or completion of the arcs ventrally by the sister process of convergent thickening (rectangles, figure 1a ).
WHAT IS THE EVIDENCE FOR PROGRESSIVE EXPRESSION OF MIB ALONG THE ANTERIOR-POSTERIOR AND LATERAL-MEDIAL AXES?
Fate mapping evidence (Keller 1975 (Keller , 1976 (Keller , 1991 shows the convergence of the IMZ along the arc-like patterns described above, and more recent mapping confirms the mediolateral orientation of the somitic mesoderm described above . Mapping of tissue fates to tailbud stages shows the locations of presumptive ventral tissues at the vegetal edge of the IMZ and the orientation of presumptive anterior-posterior axis of the somitic mesoderm from dorsal to ventral around the sides of the blastopore of the gastrula (Lane & Smith 1999; Lane & Sheets 2000 , 2002a ,b, 2006 .
The evidence for the arc-like patterning and the spatio-temporal progresssion of MIB was first seen in the 'open-faced' explants of a large sector of the IMZ of the early Xenopus gastrula, which consisted of the deep mesodermal cells and the overlying epithelial layer confined between two coverslips (Shih & Keller 1992a,b ) . Under these conditions, high-resolution video microscopy shows the progressive expression of the bipolar protrusive activity, the characteristic fusiform shape of the cells and the cell intercalation to form a narrower, longer array ; figure 1e). If convergent extension of the explants is slowed or stopped by excess pressure and friction , or by culturing on a rigid fibronectin substrate (Davidson et al. 2004a) , the cells display MIB in situ, without global movements (figure 1 f ). MIB begins bilaterally in the proximity of the organizer in the lateral regions of the presumptive anterior somitic mesoderm in the early gastrula, before the notochordal-somitic boundary is formed, and it proceeds medially (black arrows, figure 1e, f ) to form an arc of fusiform cells, the vegetal alignment zone (VAZ, figure 1e, f ). It proceeds posteriorly from this origin along the lateral boundary of presumptive somitic mesoderm, from the anterior-to-posterior aspect of this tissue (grey arrows, figure 1e, f ). Within the VAZ, the notochordal-somitic mesodermal (Keller & Danilchik 1988) ; (i) Adapted from .
boundary forms and progresses from anterior to posterior (dashed arrows, figure 1e, f ). MIB is then expressed along the lateral boundary of the notochord in the same type of anterior-to-posterior (grey arrows, figure 1e, f ) and lateral-to-medial (black arrows, figure 1e, f ) progression seen in the somitic mesoderm.
In the late neurula stages of these explants, the somites segment in the anterior-to-posterior order, the intersegmental boundaries forming arcs that originate laterally and proceed medially, parallel to the preexisting, mediolateral axis of cell polarization during MIB and the axis of cell intercalation (Shih & Keller 1992d; Davidson et al. 2004a ; figure 1g ). Therefore, three major events follow a near cell-by-cell progressive order along the anterior-posterior axis in these explants: the progress of MIB; the progress of the notochordal-somitic mesodermal boundary; and segmentation. The anterior-to-posterior (black arrows, figure 1h ) and lateral-to-medial progressions (grey arrows, figure 1h ) are shown diagrammatically on the IMZ explant and the IMZ of the vegetal view of the gastrula (figure 1i ). A fourth anterior-to-posterior progression, that of bottle cell formation and re-spreading, occurs in the epithelial endoderm just superficial to the deep IMZ (discussed in §13).
PATTERNING OF CELL BEHAVIOURS ANTICIPATES AND IS ESSENTIAL FOR THEIR FUNCTION
Having the cell behaviours organized as hoops around the blastopore looks to be inane and inordinately complex when looked at with the embryologist's eye for geometric simplicity, but viewed with function in mind, it is an elegantly simple and effective mechanical integration of local cell behaviour to drive large-scale tissue movements. By organizing MIB and convergence along the presumptive mediolateral axis, as hoops anchored in the vegetal region, and by progression of this behaviour along the transverse, presumptive anterior-posterior axis, convergent extension is aligned such that the progressive shortening of the arcs of converging cells anchored laterally at the vegetal endoderm accomplishes three things in one stroke: it rolls the IMZ inside and across the vegetal endoderm, thus covering it over; it closes the blastopore; and it elongates the body axis. Thus, the cell behaviours are patterned on the presumptive body plan such that it is pre-loaded to perform a specific biomechanical strategy of gastrulation. Because material or tissue-type determinations are coupled, perhaps variably, to these dynamic determinations, the shapes of presumptive tissue areas reflect the biomechanics of their future movements. The importance of this hoop stress strategy is supported by the fact that interrupting these arcs of cell intercalation (and convergence) results in catastrophic failure of blastopore closure and gastrulation (Schechtman 1942; Keller 1981) . Preliminary biomechanical measurements show that these circumblastoporal, tensile forces are, in fact, developed (D. Shook et al. 2005, unpublished results) , and they are comparable to the pushing, extension forces measured previously (Moore 1994; Moore et al. 1995) .
The progressive aspect of MIB is essential for its function. MIB is correlated with stiffening of the notochordal-somitic tissue by a factor of 3-4 in an anisotropic manner, the increase being along the anterior-posterior axis (Moore et al. 1995) . If MIB were expressed simultaneously throughout the IMZ, regardless of the progress of involution, it is unlikely that the tissue could bend over the blastoporal lip and involute. When the extent of anterior-posterior axis is experimentally expanded into the pre-involution region of the dorsal IMZ, it fails to bend inwards and involute, but instead, it extends vegetally in a type of exogastrulation (Branford & Yost 2002) . A similar disruption of progression, and also the anchor points of the hoop stress, may account for the tendency of lithiumdorsalized embryos, in which all the sectors of the IMZ behave as dorsal, organizer tissue (Kao & Elinson 1988 , to extend an exogastrulated proboscis. Normally, the convergence hoop stress builds progressively from the dorsal side and rolls the dorsal and dorsolateral IMZ over the vegetal endoderm (yolk plug). In contrast, if all the sectors of the IMZ in lithium-dorsalized embryos behave as organizer (dorsal) tissue, convergence forces would develop simultaneously all around the blastopore, and the hoop stress would also encircle the blastopore rather than terminate at the lateral edges of the vegetal endoderm. As a result of this altered timing and anchorage, the constricting IMZ would probably squeeze the endoderm inwards and extend itself outwards in a symmetrical proboscis. Conversely, an uncoordinated or patchy expression of MIB should result in loss of continuity of hoop stress and failure to build up large-scale, tissue-level convergence forces, and as in the case of experimentally breaking hoop stress continuity, would result in locally independent extensions and failure of blastopore closure and also proper involution (Schechtman 1942; Keller 1981) . Involution and internalization can occur without convergent extension (Schechtman 1942; Keller & Danilchik 1988; Ewald et al. 2004) but it is a short, shallow, symmetrical slit of an archenteron, very unlike the asymmetric, dorsally elongated one normally produced by involution with convergent extension.
THE SPECIAL PROBLEM OF THE NOTOCHORD
The notochord presents an interesting problem in the simplified hoop stress mechanism, because its presumptive area does not bound the medial aspect of more than a few presumptive anterior somites (figure 1a,d ), whereas in the late neurula, the posterior end of the notochord has come to lie medial to the posterior somites . The question then is how do all the ps in figure 1d come to lie posteriorly and next to one another? One mechanism is shearing of the notochord posteriorly with respect to the somitic mesoderm. The presumptive notochord and anterior somites are thought to involute, converge and extend together during gastrulation, and then, in the neurula stage, the notochord extends posteriorly faster than the somitic mesoderm, and thus the notochord shears posteriorly along its boundary with the somitic mesoderm. As it does so, the notochord pushes the blastopore into the thick ring of mesoderm encircling the lateral and ventral sides of the blastopore, and these cells move around both sides of the posterior notochord and join the posterior segmental plate ). This ventrally located, presumptive posterior somitic mesoderm previously expressed convergent thickening, and now belatedly displays the same sequence of cell behaviours previously showed by their more dorsal (presumptive anterior) counterparts, including radial intercalation followed by mediolateral intercalation Wilson et al. 1989; Wilson 1990 ). This posterior movement of the notochord along the somitic mesoderm also can be seen in explants cultured on fibronectin (Davidson et al. 2004a) . Mapped on to the gastrula, the path of this future shearing is along the upper (animal) edge of the IMZ, which is the future medial edge of the posterior somitic mesoderm (dotted arrows, figure 1d ). Although the arcs of convergence are shown diagrammatically as being continuous (figure 1d-f ), they are not. Despite the sliding of the tissues at the notochordal-somitic boundary, the tissues maintain contact, and the fibrillin matrix in the notochordal-somitic mesodermal boundary appears essential for this dynamic, sliding adhesion (Skoglund et al. 2006) .
Although this posterior shearing has been documented only during neurula stages, some of it may also occur during gastrulation, albeit where it is difficult to see, just as the presumptive somitic mesoderm rolls over the lateral blastoporal lip and turns inside out (see the rolling over of the arrows in presumptive somitic regions at the blastopore, figure 1d ). If so, the notochord would act as a posteriorly moving 'zipper' that would tend to roll the somitic mesoderm inwards and contribute to blastopore closure. Such a mechanism remains an intriguing possibility.
THE SIGNIFICANCE OF VEGETAL-TO-ANIMAL PROGRESSION OF CELL BEHAVIOUR IN THE IMZ
The anterior-to-posterior progression of MIB is slower in the presumptive medial aspects of the notochordal and somitic territories than it is in the presumptive lateral regions (figure 1e,f ). This could reflect better conditions for the propagation of a single, anteriorto-posterior signal in the lateral regions, possibly set up by an intersecting signal acting in presumptive lateralmedial axis. Or it could represent a cascade of two signals, a primary anterior-to-posterior signal that passes along the lateral region where it generates a secondary signal that then progresses medially. The lateral-medial axes of the notochord and somitic territories have different orientations that together complete the arcs of convergence. How this is set up is not known. In the somitic mesoderm, the vegetal-animal axis is more nearly a presumptive lateral-to-medial transition, whereas in the notochord, a vegetal-to-animal transition is more nearly a presumptive anterior-to-posterior transition. In addition, in other groups of amphibians, such the urodeles discussed below, these axes are tilted to varying degrees. These double progressions are probably set up by some intersection of signalling pathways (see Kumano & Smith 2002; Heasman 2006) , which is not yet understood.
A vegetal-animal axis of signalling is supported by numerous vegetal-animal differentiations in the IMZ (for an excellent review, see Kumano et al. 2001; Kumano & Smith 2002) . First, the early involuting, vegetal region of the IMZ is presumptive leading edge mesoderm, which is migratory in nature, shows an animally directed migration and spreading on the roof of the blastocoel (see Nagel et al. 2004) , whereas the late involuting animal part of the IMZ is presumptive notochord and somitic mesoderm, which displays MIB and undergoes convergent extension (Keller 1991; Keller et al. 1992b ; see diagrams in Keller & Davidson 2004) . Second, the vegetal and animal regions of the IMZ likewise express different molecular markers that reflect later development of fates of leading edge, ventral tissues in the former, and reflect development of dorsal, axial and paraxial mesoderm in the latter (Stewart & Gerhart 1990; Zoltewicz & Gerhart 1997; Lane & Smith 1999; Kumano et al. 2001; Kumano & Smith 2002; Lane & Sheets 2002a,b) . Third, the variable amount of mesoderm in the superficial epithelial layer of the IMZ of different amphibian species always occupies the animal edge of the IMZ and the superficial endoderm the vegetal edge ). Finally, in contrast to the relatively minor differences in the MIB progression along the vegetalto-animal aspect of the IMZ (presumptive lateral to medial of the body plan) in Xenopus, there are very strong vegetal-to-animal progressions in the IMZ of urodeles (see §11). The complex mapping of the progressions and axial orientation of MIB, and additional cell behaviours such as the epithelial-mesenchymal transition (EMT) in other species (see §12 and figure 4), on to the presumptive tissue axes in the IMZ reflect the necessity of coupling of patterning of tissue type and cell behaviour on the one hand, and generating a pattern of forces that will accomplish gastrulation and body axis elongation on the other hand. Variations in these parameters between species reflect functional adaptation of the morphogenic machinery and the diversity of gastrulation strategies. The question is, how do the underlying signalling pathways regulate the type, the progressive aspect and the geometric aspect of the cell behaviours, and what is the geometry of these signals?
THE TIMING OF SIGNALS ORGANIZING MIB AND MESODERM FORMATION
The pattern of MIB could be specified at some earlier stage and executed during gastrulation, and this may be true, but the evidence suggests that signals regulating MIB also persist during gastrulation. Dorsal mesodermal cells lose their characteristic polarized behaviour and morphology when isolated in small groups, or when dissociated throughout gastrulation and neurulation, suggesting that persistent contextual cues are needed (R. Keller 1992, unpublished work) . Scattering labelled notochordal and somitic cells from one embryo into the same regions of the early gastrula explants, without regard to their original order, results in those cells adopting MIB in the anterior-to-posterior and lateral-to-medial order of the host tissue (Domingo & Keller 1995) . Cells from other presumptive areas Dynamic patterns of cell behaviours R. Keller & D. Shook 1321 scattered into the notochordal and somitic territories of explants adopt the fates of the host tissue, although with a delay (Domingo & Keller 1995) . Thus, the signals inducing both the dynamic determination of MIB and the material determination of mesodermal cell fates persist during gastrulation.
TENSILE, POSITIVE FEEDBACK MECHANISMS MAY ENHANCE MIB EXPRESSION
Once MIB is underway, the convergent, tensile force it develops may act as a positive feedback, based on what is known from the cultured cell lines. Some cultured cell lines have elongated, fibroblastic morphology, similar to the elongated fusiform mesodermal cells, have a tendency to self-align, form parallel arrays and actually reduce the frequency of collisions between them at high density as a result of local cell contact interactions (Elsdale & Bard 1972; Elsdale & Wasoff 1976; figure 2a,b) . A degree of similar self-alignment of the fusiform, intercalating mesodermal cells is probable. Also, cell traction tends to align collagen fibrils along the lines of tension in culture and, in turn, the movement of cells along the aligned fibrils is enhanced (Harris et al. 1981;  figure 2c ). Similar traction on the fibronectin matrix associated with intercalating mesodermal cells ( Davidson et al. 2004b ) may generate a similar fibril-mediated, positive feed back on motility. Aligned fibrils would probably offer a stiffer substrate, and stiffer substrates positively feed back on the cell to stimulate greater protrusive activity and traction (Lo et al. 2000) . Increased tension along the elongated, anterior and posterior sides of the fusiform mesodermal cells may suppress the protrusive activity there, thus enhancing the polarized distribution of tractive protrusions at the medial and lateral ends. In the cultured cells, protrusive activity perpendicular to the axis of tension is suppressed (Kolega 1986) , and experimentally applied tension inhibits protrusive and Rac activities on the sides parallel to the tension and enhances both at the ends (Katsumi et al. 2002) .
Finally, tensile forces transmitted to neighbouring cells by mediolateral traction may activate stretch-activated calcium channels ( Jaffe 2007) , and result in the propagation of contraction, development of traction force (Doyle et al. 2004 ) and the further development of mediolaterally oriented tension. The waves of calcium transients and associated contraction waves are propagated across the IMZ explants (Wallingford et al. 2001) , and although they do not appear to be temporally or spatially correlated with the directions of MIB progression, or the axes of intercalation under the culture conditions in which they were observed, they may reflect a phenomenon used locally, with different timing and spatial parameters, in vivo. These mechanical feedback mechanisms apply to the tensile, mediolateral aspect of the converging tissue. Compressive forces in the anterior-posterior axis of extension (Moore 1994; Moore et al. 1995) may also affect the cell behaviour. The function of compressive and tensile loads on cell behaviour and force production could be experimentally probed with appropriate biomechanical manipulation of explants.
EPITHELIAL-MESENCHYMAL TRANSITION IN THE IMZ GENERATES CONVERGENCE FORCE DURING BLASTOPORE CLOSURE IN THE URODELE AMPHIBIAN
The commonly studied urodeles (tailed amphibians) generate a circumblastoporal hoop stress similar to that seen in Xenopus, but they use a different combination of cell behaviours. Although blastopore closure looks superficially similar in Xenopus and in the urodeles (Ambystoma mexicanum, Ambystoma maculatum and Taricha granulosum), a closer inspection shows that the urodeles use the EMT and ingression of superficial presumptive mesodermal cells as a major force generator during blastopore closure (Shook et al. 2002) .
The EMT of surface presumptive mesoderm is a conserved process in the early morphogenesis of amphibians (Purcell 1993; Minsuk & Keller 1996 ; (d ) Developing tension along the sides of elongating cells inhibits protrusive activity perpendicular to the surface, whereas tension at the ends stimulates protrusive activity (Kolega 1986; Katsumi et al. 2002) . (b) Adapted from Elsdale & Wasoff (1976) and (c) adapted from Stopak & Harris (1982) . Shook et al. 2002 Shook et al. , 2004 . However, the amount of mesoderm, the timing of its EMT and the functional significance of the force it generates during gastrulation vary greatly. Anurans have relatively little superficial mesoderm and thus relatively less EMT than urodeles, with Xenopus having the least of the species examined thus far ( figure 3a) . This superficial mesoderm consists of presumptive notochord and the medial edge of the presumptive somitic mesoderm, which is located at the animal edge of the IMZ; the cells of both tissues undergo EMT and ingression in an anterior-to-posterior progression, but it occurs from the gastrocoel roof during neurulation (Purcell 1993; Minsuk & Keller 1996 Shook et al. 2004 ; black arrows, figure 3b), and thus is irrelevant to gastrulation and blastopore closure. In contrast, the urodeles examined thus far have a very large area of somitic mesoderm in the surface epithelium (figure 3c), and most of it is removed by a massive EMTat the lower edge of the mesodermal territory, next to the vegetal endoderm during gastrulation, leaving the notochord on the gastrocoel roof of the neurula (Shook et al. 2002;  figure 3d ). The fact that such a massive EMT occurs during gastrulation suggests that it might have a functional role, and indeed, it appears to generate substantial convergence force. This EMT occurs in the 'subduction zone' along the vegetal edge of the IMZ at its boundary with the vegetal endoderm (black line, figure 3e) , where the surface somitic mesoderm appears to move beneath the vegetal endoderm (Shook et al. 2002) . The epithelial mesodermal cells in the subduction zone constrict their apices to point that they cannot be resolved, and then they ingress and re-appear in the deep region as mesenchymal cells (Shook et al. 2002; box, figure 3e ). More mesodermal epithelial cells enter the subduction zone, as the epithelial sheet moves vegetally (black arrows, box, figure 3e). It is probably pulled vegetally by the apical constrictions, since the ingression occurs only after the apices are very small, and thus their leaving accounts for little change in area, and thus little force. Preliminary measurements show that the EMT and subduction generates a tensile force comparable to the force generated by MIB-mediated cell intercalation in Xenopus (D. Shook 2005, unpublished results). In the context of the embryo, towing of the sheet of superficial mesoderm vegetally, towards the endoderm (black arrows, figure 3e), occurs during involution of the notochord to the extent that in the post-involution region, the lateral edge of the notochord and the vegetal endoderm have met, and all or nearly all of the somitic mesoderm has ingressed (Vogt 1929; Shook et al. 2002) ; this convergence due to the removal of cells by EMT, together with convergent extension of the notochord, probably by cell intercalation (grey arrows, figure 3e), generates a continuous hoop stress similar to that seen in Xenopus. In this case, however, it is generated by two behaviours: convergent extension in the notochord and EMT in the somitic mesoderm (Shook et al. 2002) .
EMT ALSO OCCURS IN A PROGRESSIVE PATTERN
The EMT occurs in a progressive pattern similar to that displayed by MIB in Xenopus, beginning in the dorsolateral IMZ of the gastrula, and proceeding ventrally (black arrows, figure 3f ) such that its path forms the subduction zone (black line, figure 3f ). The rate of progress varies with the species. In Ambystoma, for example, the EMT appears to proceed quickly about half way around to the lateral lip where it often appears to slow until near the end of gastrulation when it crosses the remainder of the ventral blastoporal lip (figure 3f ). The progress of EMT around the blastopore correlates with the appearance of a blastoporal lip, or blastoporal cleft, in urodeles that have been studied thus far (Holtfreter 1943a,b; Shook et al. 2002) . Some species, (e) The vegetal view of the urodele (Triturus) early gastrula, with the dorsal side at the top, shows convergence, probably by cell intercalation, in the notochord (light grey area, grey arrows) and the removal of the somitic mesoderm from the surface by EMT (dark grey area, black arrows). The box and the inset in (e) show a magnification of the subduction zone (black line) in which EMT occurs. ( f ) The vegetal view of the same embryo shows the progression of EMT from dorsal to ventral in the gastrula, which is the presumptive anterior-to-posterior direction (black arrows), and in the vegetal-to-animal direction, which is the presumptive lateralto-medial direction (grey arrows).
such as the gigantic salamander Megalobatrachus maximus (Ishikawa 1905) and Hemidactyium scutatum (D. Shook, unpublished work), do not form a ventral lip at all during gastrulation. Therefore, if the EMT of the superficial mesoderm occurs at all in these species (it has not been documented), it is apparently occurring solely through the dorsal and lateral subduction zones. There is also a vegetal-to-animal progression of the EMT in the urodeles, A. mexicanum and A. maculatum (Shook et al. 2002) . Normally, the EMT is restricted to the subduction zone, and the vegetal-to-animal progression of EMT tows the IMZ vegetally, into the subduction zone. However, if an IMZ explant is pressed tightly between two coverslips, the epithelium cannot move, and the cells undergoing EMT have no place to ingress, so they undergo EMT in situ, and reveal a highly organized, nearly cell-by-cell front of the EMT, which sweeps from the vegetal-to-animal aspect of the explant, and leaves a mass of twisting and turning mesenchymal cells in its wake (Shook et al. 2002) . This strong vegetal-to-animal progression of EMT in Ambystoma argues for a very strong vegetalto-animal axial patterning system for dynamic determinations in the IMZ of amphibians, as there is for tissue differentiation (Kumano & Smith 2002) . When the paths of the EMT progression in urodeles are mapped on to the presumptive anterior-posterior and lateral-medial axes of their future body plan, similarities and differences with the progression of MIB in Xenopus emerge.
IS AXIAL PATTERNING IN URODELES THE SAME OR DIFFERENT FROM ANURANS?
Vogt's classic vital dye mapping of tissue fates and movements in the newt, Triton (now called Triturus), shows the superficial presumptive somitic mesoderm in the lateral IMZ with the presumptive medial edges against the notochord and the lateral edges bounding the lateral plate mesoderm, and the presumptive anterior somites located dorsally and the posterior ones sweeping laterally around the blastopore ( Vogt 1929;  figure 4a,b) , though not as far as in Xenopus. Pasteels' fate map of Ambystoma (Pasteels 1942 ) is somewhat different from Vogt's map of the newt. The somitic mesoderm bears a similar relationship to notochord and lateral plate, but the presumptive anterior-posterior axis of the somitic mesoderm (black arrows, figure 4c ) is oriented more in the vegetal-to-animal direction, and the presumptive lateral-medial axis (grey arrows, figure 4c ) is oriented more in ventral-to-dorsal direction than in the newt (black arrows in figure 4a,b) . The vegetal placement of lateroventral mesoderm in Vogt's map (figure 4a), in contrast to the ventral placement in Pasteels' map (figure 4b), reinforces the differences between the maps.
The progress of EMT has not been described in enough detail in both species to be definitive, but in explants it appears to be more from the anteriorto-posterior aspect of the somitic mesoderm in Ambystoma (Ambystomatidae; grey arrows, figure 4b ) and more from the lateral-to-medial aspect in Taricha, which like Triturus, is a newt (Salamandridae; black arrows, figure 4a,b; Shook et al. 2002) . Therefore, in different groups of amphibians, one or the other axis of pattern generation may dominate regulation of the EMT. The fate map of Cynops pyrrhogaster (Salamandridae; Nakamura 1938; figure 4e), which is closely related to Triturus, suggests that axial orientation is probably more similar to Triturus and Taricha than to Ambystoma. Despite these differences, it is clear from the explants of Taricha and Ambystoma that in both EMT makes a large contribution to convergence, and thus probably contributes to circumblastoporal hoop stress in the IMZ of the whole gastrula of both species. Whether these rather subtle differences are of functional significance is an interesting question.
BOTTLE CELL FORMATION AND RE-SPREADING IS ALSO PROGRESSIVE, AND PARALLELS ASPECTS OF THE EMT AND MIB PROGRESSIONS
The blastoporal 'bottle cells' of Xenopus undergo the first step in the EMT, the apical constriction, and they do so in the place that EMT occurs in the urodeles, at the lower edge of the IMZ that bounds the vegetal endoderm (figure 5a). And as with the EMT, bottle cell apical constriction also pulls the IMZ epithelium vegetally (black arrows, figure 5a ). But instead of completing the EMT by losing adhesion to the epithelial sheet and ingressing to form a mesodermal mesenchyme, the cells are carried inside by virtue of their attachment to the underlying deep mesoderm (figure 5b), and there they re-spread to form a large area of the endodermal lining of the archenteron (Keller 1981; Hardin & Keller 1988; figure 5c,d ). This behaviour is also found in the IMZ of other anurans and also in the small area of superficial pharyngeal endoderm found in the dorsal IMZ of the urodele amphibians (Vogt 1929;  figure 3 ).
In Xenopus, this apical constriction occurs progressively, though not in strict cell-by-cell order, from vegetal to animal in the IMZ, and also from the dorsal (presumptive anterior archenteron) to the ventral IMZ (presumptive posterior archenteron; Keller 1981; Hardin & Keller 1988 ; grey, dashed arrow in figure 5a,b) . After being carried inside, the bottle cells then begin re-spreading progressively, in the same order of their formation (Keller 1978 (Keller , 1981 Hardin & Keller 1988 ; grey, dashed arrows in figure 5c,d ). In Xenopus, this progressive apical constriction followed by re-spreading occurs in the same basic pattern as the progression of MIB, but it occurs in the surface epithelium and in a different germ layer, the presumptive endoderm. Bottle cell formation shares the overall pattern, the occurrence in the epithelium, the apical constriction as the first event, with the EMT in urodeles, but it occurs in the endoderm rather than the mesoderm. Therefore, the regulation bottle cell behaviour may be another manifestation of the same underlying pattern generator that regulates EMT and MIB, but with downstream differences associated with tissue organization and germ layer differentiation.
WHAT IS THE MOLECULAR MECHANISM OF PROGRESSIVE EXPRESSION OF CELL BEHAVIOURS IN THE IMZ?
The patterning of tissue fates in the IMZ of amphibians is largely understood from the work on one model system, Xenopus, and it involves the interplay of a myriad of components, beginning with the localization of maternal factors in the oocyte, their redistribution on fertilization, which results in a complex interaction of positive and negative or antagonistic signals acting in the vegetal-animal and in the dorsoventral geometry of the gastrula (Kumano & Smith 2002; De Robertis & Kuroda 2004; Heasman 2006; Lane & Sheets 2006 ; for teleosts, also see Schier & Talbot 2005) . But much less is known about the patterning of cell behaviours, particularly their axial and temporal components that define the dynamic progressions described above, and also how the behaviours are linked to tissue differentiation. The challenge is to understand how the embryo puts its cellular players on the field in an effective morphogenic plan.
In regard to convergent extension, TGF-b signalling was implicated by the fact that activin-treated animal caps differentiate dorsal mesodermal tissues (notochord, somite) and show convergent extension in a dose-dependent fashion (Green et al. 1992) . Although the cell behaviour driving these movements in animal caps could not be imaged, it has been assumed that they must be similar to MIB. Recent work showed that the non-canonical Wnt/PCP pathway, consisting of some components of the planar cell polarity (PCP) pathway of Drosophila ( Pasteels (1942) and (c) adapted from Nakamura (1938). Wallingford et al. 2000 Wallingford et al. , 2002 Darken et al. 2002; Jessen et al. 2002; Marlow et al. 2002; Tada et al. 2002) . But these findings did not reveal an obvious mechanism for orienting the axes of MIB and the resulting cell intercalation with respect to the axes of the body plan, nor do they account for its progressive nature. Ninomiya et al. (2004) found that graded differences in tissue properties along the anterior-posterior axis supply these large-scale, contextual cues for expression and orientation of MIB. Juxtaposing explants of tissue originating from different anterior-posterior axial levels, as assayed by the expression levels of chordin (high anteriorly) and brachyury (high posteriorly), resulted in cell intercalation at the interface, whereas juxtaposing the same anterior-to-posterior levels did not. This was also true for anterior-to-posterior differences induced in animal caps by different doses of activin. The resulting cell elongation and apparent cell intercalation was oriented perpendicular to the axis of the putative anterior-to-posterior differences, suggesting that cell recognition of some unknown antero-posteriorly graded positional property is essential for eliciting MIB in the correct perpendicular (mediolateral) orientation. These cues provide an essential, large-scale axial orientation to the downstream, PCPmediated polarization events (Ninomiya et al. 2004) . It may be a general rule that differences along the presumptive axis of extension provide the primary cue for cell intercalation along the transverse axis, whether the PCP pathway is involved downstream or not. Other systems that converge and extend by cell intercalation, including hindgut convergent extension (Johansen et al. 2002; and germ band convergent extension (Zallen & Wieschaus 2004) in Drosophila also depend on anterior-to-posterior differences in gene expression. In the latter case, the PCP pathway genes are not necessary (Zallen & Wieschaus 2004 ).
The important, graded anterior-to-posterior property may involve differences in cell adhesion. Cells from different anterior-to-posterior levels recognize one another as different, and attempt to sort out when mixed (Ninomiya et al. 2004) , suggesting that an antero-posteriorly graded cell affinity or cell adhesive property maintains anterior-to-posterior cell order and perhaps determines the axis of cell intercalation. Activin induction, which was used in a graded fashion to produce the regional differences in these experiments, also reduces C-cadherin activity in adhesion assays, and such a change appears essential for convergent extension, and presumably for the underlying cell intercalation in Xenopus (Brieher & Gumbiner 1994; Zhong et al. 1999) . Taken together, these observations suggest the hypothesis that orientation of MIB may be cued by antero-posteriorly graded cell adhesion, perhaps mediated by graded C-cadherin activity, which in turn, may be induced by anteroposteriorly graded TGF-b signalling.
The presumptive anterior-posterior axis turns out to be an axis of nodal/TGF-b-sensitive events in both the dorsal organizer region (the notochord) and in the lateroventral region (the somitic mesoderm). The expansion of the vegetal-to-animal (presumptive anterior-posterior) extent of dorsal tissues in the organizer by the manipulation of nodal and its antagonist, lefty (antivin; Branford & Yost 2002 ; also see Gritsman 2000) , suggests that nodal signalling may play a role in the anterior-to-posterior position effect on MIB orientation in the dorsal midline. Similarly, in the dorsal-to-ventral (presumptive anterior-posterior) axis of the somitic mesoderm, which is much longer and arrayed around both sides of the blastopore, the progression of TGF-b signalling is seen by antibody staining of active SMAD2, which is initially high in the dorsal IMZ in the early gastrula, then rises laterally, and finally ventrally, followed by a decline first dorsally and then laterally, later in gastrulation Hashimoto-Partyka et al. 2003) . This progression is regulated by maternal Wnt/b-catenin signalling, one of the initial events in establishing dorsoventral asymmetry Hashimoto-Partyka et al. 2003) . Nodal signalling has been reported to be cell autonomous and non-cell autonomous, occurring over short and over long range and, indeed, it may differ with the specific nodal and the molecular context (Gritsman et al. 1999; Gritsman 2000; Chen & Schier 2001; Meno et al. 2001; Niederlander et al. 2001; Hashimoto-Partyka et al. 2003; Williams et al. 2004 ). The molecular context may be particularly important (Lander et al. 2002) . Whatever the mechanism of its expression, both in the dorsal IMZ, where the presumptive anterior-posterior axis runs vegetalto-animal, and in the lateral-to-ventral IMZ, where this axis runs ventral to dorsal, a travelling wave of nodal signalling may be linked to the specification of local cellular differences that cue MIB in the progressive pattern seen in time lapse movies.
But other signalling systems are also involved, and it is not commonly appreciated (Lane et al. 2004 ) that this dorsal-ventral axis of the IMZ in the gastrula is actually the presumptive anterior-posterior axis of the somitic mesoderm and is the axis of the 'third signal' along which dorsalization, and thus specification of MIB, in more ventral tissues is thought to occur (Kumano & Smith 2002; Lane & Sheets 2006) . Cell fate along this axis is regulated by 'ventralizing' signals from the ventral sector, countered by dorsal antagonists (De Robertis & Kuroda 2004; Lane et al. 2004; Marom et al. 2005; Heasman 2006 ). The progress of MIB, given its association with dorsal notochordal and somitic tissue, is a read-out of this process. Also, important in organizing MIB is fibroblast growth factor (FGF) signalling, which occurs in a positive feedback loop with Xenopus Brachyury (Xbra), which in turn, regulates Xwnt11, a key player in noncanonical Wnt/PCP regulation of MIB (Heisenberg et al. 2000; Tada et al. 2002) . Most interesting in regard to regulation of cell behaviour, versus tissue differentiation is the discovery that cytoplasmic regulators of FGF signalling, Sprouty and Spred, toggle FGF signalling between differentiation and cell behaviour pathways. Sprouty blocks the protein kinase C (PKC) pathway that regulates convergent extension, and Spred blocks the mitogen-acivated protein kinase pathway that regulates tissue differentiation (Sivak et al. 2005) , and thus is a downstream branch point in FGF signalling underlying dynamic and material determination. Finally, the tissue movements described above and progressive tissue interactions may come into play. A 'time space regulator' model proposes that patterning in the anterior-to-posterior dimension of the IMZ depends on stabilization of a transient expression of Hox genes in a specific temporal order in nonorganizer mesoderm by the organizer as convergent extension progressively brings these regions into proximity (see §6; Wacker et al. 2004a,b) . Understanding how these signalling pathways converge to produce the polarized MIB in the highly specific progressions observed requires knowing much more about the downstream regulators of cell motility, polarity, adhesion and cell contact behaviour, and how regulation of these aspects is linked to tissue specification. The mechanisms of patterning tissue type along the relevant axial dimensions have, in general, been done with molecular and tissue recombination methods of relatively low temporal and spatial resolution, and thus to learn how the travelling front of MIB is regulated, and linked to the presumptive tissue axes, will require signalling reporters of high temporal and spatial sensitivity in living tissues (Williams et al. 2004) , and also manipulations of cell-cell position and interactions at a finer level.
Nearly nothing is known about regulation of the highly progressive EMTs in amphibians. More is known about the regulation of EMT in other embryos. In mice, the EMT of epiblast cells in the primitive streak is regulated by Brachyury and FGF signalling (Hashimoto et al. 1987; Wilson et al. 1993 Wilson et al. , 1995 Deng et al. 1994; Yamaguchi et al. 1994; Ciruna et al. 1997) and downstream regulation of the transcription factor snail, a negative regulator of E-cadherin expression (Batlle et al. 2000; Cano et al. 2000; Ciruna & Rossant 2001) . FGF signalling must also regulate the EMT through other routes, since the EMT phenotype of cells lacking snail is less severe than those lacking FGFR1 (Deng et al. 1994; Yamaguchi et al. 1994; Ciruna et al. 1997 ). The first step in the EMT of Drosophila mesoderm is ventral furrow formation, which begins with an apical constriction and cell shape change similar to that seen in amphibian bottle cells. Coordination of apical constriction requires a secreted ligand, folded gastrulation (Fog; Costa et al. 1994) acting upstream of concertina (Cta), which encodes a Ga protein (Parks & Wieschaus 1991; Morize et al. 1998) , through G-protein-coupled receptor that has not been identified. Downstream of concertina, the rho activator, DRhoGEF2, and Rho1 are essential for the accumulation of myosin II at the cell apices (Barrett et al. 1997; Hacker & Perrimon 1998; Nikolaidou & Barrett 2004; Rogers et al. 2004; Dawes-Hoang et al. 2005) . But DRhoGEF2 also has a Fog/Cta-independent role in actin localization at the apices of the cells (Fox & Peifer 2007) . This alternate route of regulating RhoGEF2 involves its apical localization by a transmembrane protein (Kolsch et al. 2006) . Abelson (Abl) kinase also plays a role by suppressing Ena localization to the cell apices, and thus allows actin accumulation there (Fox & Peifer 2007) . RhoGEF2-null mutants show no apical constriction and the mesoderm does not internalize at all, whereas fog-null and cta-null mutants show an uncoordinated constriction of the apices and the mesoderm eventually internalizes, though abnormally. However, it is still not known how the coordination works, and the possibility of similar mechanisms being used in coordinating the progressive phenomena in amphibians may be small, since the former does not involve the large area and highly progressive nature of the latter.
Other questions that should be explored include differences regulating the timing of the gastrula stage EMT of the somitic mesoderm, versus the neurula stage EMT of notochord in urodeles, and the neurula stage EMT of both tissues in anurans (Shook et al. 2002 . Also, how is the regulation of EMT of superficial mesoderm linked to its germ layer specification in the epithelial layer, and how does that compare with linkage of MIB and mesoderm specification in the deep region of Xenopus? Also, are there shared features between the EMT regulation in epithelial mesoderm in urodeles and the regulation of bottle cell formation in epithelial endoderm in urodeles and anurans, particularly since the first step in both appears to be an apical constriction? Apical constrictions in different regions of the same organism appear to be regulated differently. In Xenopus, the actinbinding protein Shroom is required for neural apical constriction but not blastoporal bottle cell apical constriction (Haigo et al. 2003) . Although some molecular components are conserved between mice and Drosophila, others are not shared by all of the several early invaginations in Drosophila (Kolsch et al. 2006; Fox & Peifer 2007) . Finally, do the differences in mapping of the axial patterns of the MIB and the EMT progression on to the gastrula IMZ reflect functional adaptations for different biomechanical strategies of gastrulation, and how are these axial differences regulated?
Regulation of bottle cell formation in Xenopus is better understood that regulation of the EMT in any amphibian. Bottle cells can be experimentally induced Dynamic patterns of cell behaviours R. Keller & D. Shook 1327 in the animal cap by TGF-b family (VegT, Xnr1, BVg1, activin) growth factors, and as with mesoderm formation, FGF signalling is essential (Kurth & Hausen 2000) . Cerberus, a secreted protein that binds and inhibits the activity of Xnr1 but not Vg1 or activin, blocks Xnr1-induced bottle cell formation and also endogenous bottle cell formation but not those induced by activin or Vg1, suggesting that Xnr1 is the endogenous inducer. The spatial pattern of bottle cell formation in relation to the expression of the mesodermal markers goosecoid (gsc) and Xbra in ectopic induction experiments suggests that epithelial IMZ cells respond to high levels of TGF-b signalling by forming bottle cells, whereas the corresponding deep IMZ cells respond by expressing gsc at high levels of signalling and Xbra at lower levels of signalling ( Kurth & Hausen 2000) . These model fits are consistent with the spatial relationship of these tissues during gastrulation. The presumptive bottle cells overlie the gsc-expressing leading edge migratory mesendoderm cells at the vegetal end of the IMZ at the outset of gastrulation, lose contact with these leading edge cells and retract to the boundary of the gscexpressing leading edge cells and the axial Xbraexpressing notochord cells as they undergo apical constriction, and then they re-spread across the leading edge cells again in the late gastrula and neurula stages . Kurth & Hausen (2000) propose that bottle cell formation spreads from dorsal to the lateral and ventral sectors of the IMZ due to a wave of Xnr1 signalling passing from dorsal to ventral (Agius et al. 2000) , and they also propose a limiting feedback mechanism in which Xnr1 upregulates cerberus (Piccolo et al. 1999 ), which in turn blocks further Xnr1 activity. They could not uncouple bottle cell and mesoderm formation, suggesting that the two are strongly linked. They propose two models to explain this, one in which both are induced by a common, graded signal, and a second in which deep cells respond to a graded Nodal signal which then induce the bottle cells in the superficial layer. Downstream, not much is known about the mechanism of the molecular mechanics of the constriction events. Shroom, an actin-binding protein, is expressed in neural plate (hinge point) bottle cells, and it is essential for the localization of actin to their apices and for their constriction in Xenopus neural plates, but Shroom is not expressed in the blastoporal bottle cells (Haigo et al. 2003) . Again, there appear to be differences in the regulation of this behaviour in the same embryo. These differences could be due to the differences in germ layer specification or tissue organization (epithelial versus mesenchymal). Bottle cell formation and EMT share a common epithelial origin and begin with apical constriction, but they occur or begin in different germ layers (endodermal and mesodermal, respectively). Both share aspects of their pattern of progression with MIB. Are these behaviours the product of one underlying patterning mechanism with different downstream effectors, and if so, at what level does this differentiation occur? The epithelial versus deep mesenchymal tissue organization and the endodermal versus mesodermal germ layer may provide a different context of signalling.
CONCLUSIONS
The axial and progressive aspects of the dynamic patterns of cell behaviours in the IMZ of amphibians supports the notion that there is an underlying pattern generator, or generators, of high precision regulating these features of several major cell behaviours (MIB, EMT and bottle cell formation/re-spreading). These behaviours are progressive along the presumptive lateral-to-medial (dorsoventral) and presumptive anterior-posterior axes of the participating tissues, and in the case of MIB, its mediolateral polarization is parallel to the presumptive mediolateral tissue axis. The progressive aspect of MIB and its anchorage in the vegetal endoderm is essential for function. It is not the nature of the cell behaviour alone, but the context, the biomechanical connectivity and spatial pattern of the exercise of cell behaviours that determine specificity of morphogenic output. In the case of EMT, details of its progressive aspect and its axial orientation vary somewhat between several species examined thus far, but in all cases the EMT, in collaboration with convergence of the notochord, generates a tensile force that appears to be involved in blastopore closure. Within these eggs of similar architecture (egg size, yolk content and distribution, rate of development), a circumblastoporal hoop stress is a conserved feature, but it is generated by convergent extension (MIB) and convergent thickening in Xenopus, and by notochord convergent extension and somitic EMT in the urodeles. The pattern of force is more conserved than the cell behaviours that generate the force. The details of dynamic patterning of cell behaviours are important for function, and this highlights the need for probing the regulation of these fast and precise progressions of cell behaviour, and how they are coupled to, or uncoupled from tissue-type regulation. Short time scale, live imaging methods of analysing cell-cell and intracellular signalling events are needed to analyse the regulation of the patterns seen in time lapse recordings of emerging cell behaviours.
